We recorded and analyzed electrogastrograms (EGGs) from 12 patients following distal gastrectomy. The EGGs were recorded from between 3 and 262 months postoperatively. Gastric electrical activity, which showed a distinct repeating pattern with a frequency of 3 cycles per minute (cpm), was easily recognizable in subjects who were recorded 16-20 years postoperatively, but was not clearly evident in EGG running spectra of subjects with a shorter postoperative period. Although the postprandial instability factor of the 3-cpm components (standard deviation of mean spectral frequency of peak 3-cpm group/mean of the 3-cpm spectral frequency) of the epigastric and supraumbilical EGGs showed a significant negative linear correlation with postoperative months, no such correlation was seen in the postprandial to fasting power ratio (postprandial power / fasting power) of the 3-cpm activity component. Therefore, we hypothesized that the disorganized pacemaker activity of the remnant stomach following distal gastrectomy can be reorganized to work as a synchronized unit over a long postoperative recovery period of from 15 to 20 years. A greater degree of epigastric and supraumbilical fasting 6-cpm power seemed to result in a worse quality of life (QOL). Similarly, a larger ratio of the supraumbilical postprandial to fasting power ratio of the 6-cpm activity seemed to result in a worse QOL. In contrast a larger ratio of the infaraumbilical postprandial to fasting power content of the 6-cpm activity seemed to result in a better QOL.
Introduction
We have reported previously that a series of regular peaks of 3-cpm activity were not clearly visible in the electrogastrogram (EGG) running spectra recorded from patients who had
Correspondence to: Shinji Homma, MD, Ph.D., Niigata Shinai Hospital, 1-1-1 Kamishinnei-cho, Nishi-ku, Niigata 950-2076, Japan Phone: +81-25-269-4101 Fax: +81-25-260-4388 e-mail: sjnhomma@sin-ai.jp undergone a distal gastrectomy (formerly known as subtotal gastrectomy) throughout short postoperative periods of from 13-71 days in 13 subjects (Homma et al., 1995) . Therefore, in this study we have recorded and analyzed EGGs in patients who had undergone distal gastrectomy over much longer postoperative periods of from 3 to 262 months. Instead of bipolar epigastric recordings, we obtained monopolar EGGs at 16 locations on the thoraco-abdominal surface. In a number of subjects, a clear series of 3-cpm peaks could be observed in the running spectra, especially in the postprandial period. We calculated and compared the mean frequencies, the peak power ratio or power content, the power content ratio of the 3-cpm activity and the instability factor (standard deviation of the mean spectral frequency of 3-cpm group/mean of 3-cpm spectral frequency) and found that a significant negative linear correlation existed between the postoperative periods and the postprandial instability factors (P<0.05), but not between postoperative periods and the postprandial to fasting peak and power content ratios. We propose that the decrease in instability factors of the 3-cpm activity strongly contributed to the clear visibility or recognition of the postprandial 3-cpm peaks in the EGG running spectra. Further, we have shown linear correlations (either positive or negative) between the quality of life (QOL) and the following factors: instability factor, power content, and the power content ratio of the postprandial to fasting power of the EGGs. A preliminary report of this study has been published as an abstract (Homma et al., 2007) .
Patients and methods

Patients
Patients (n=12) in this study were outpatients at the Niigata University Medical and Dental Hospital, aged 48-81 years old (mean ± S.D., 72 ± 3.3, n=12), who had previously undergone distal gastrectomy after being diagnosed with gastric cancer. For each patient, a follow-up EGG was conducted at a period ranging from 3 months and up to 262 months postoperatively (av. 115 ± 31.7 months) ( Table 1 ). The distal gastrectomy in this study involved a subtotal gastrectomy with a Billoth I reconstruction. This study project was approved by the ethics committee of the Niigata University Faculty of Medicine (approved project No. 179), and written informed consent was obtained from all patients.
Estimation of QOL
QOL was estimated using the 15-item gastrointestinal symptom rating scale (GSRS) of Svelund et al. (1988) as used by Hongo et al. (1999) in a Japanese translated version. Each symptom item was on a scale of 0 (no complaints) to 3 points (the strongest complaints), such that the worst possible scale was 45 (15 × 3). We normalized the rating scale as 100 -(summed points/45) × 100 to obtain the QOL of each patient.
EGG recording methods
Methods were essentially similar to those described previously (Homma, 1997; Homma et al., 1999; Homma, 2005) . Briefly, EGGs were recorded on the thoraco-abdominal surface at 16 locations ( Fig. 1 ) using a reference electrode attached to the right leg. The amplifier used was a modified electro-encephalograph (EEG) (time constant, 5 ms; high cut, 0.5 Hz; low cut, -6 dB/ oct and high cut, -12 dB/oct; Biotop 6R12-4, NEC-Sanei, Japan). After cleaning the skin with ethanol, electrode cream was applied to the EEG disc electrodes (diameter, 11 mm), which were then fixed to the skin with surgical tape. Fasting EGGs were recorded for about 20 min after the subjects had fasted for at least 8 hours. Postprandial EGGs were then recorded for about 20 min after the subjects had consumed one or two blocks of Calorie Mate (100 Kcal/block, Otsuka Pharmaceutical Co. Ltd., Japan). The fasting and postprandial records usually include 7 to 10 f, fasting or resting period; ppr, postoperative period; peak-ppr/f, peak postprandial to fasting power ratio; F, mean spectral frequency; area-ppr/f, postprandial to fasting power content ratio; (m), male; (f), female; IF, instability factor; I, II and III, mean epigastric, supraumbilical and infraumbilical EGGs, respectively.
files (1 file sampled at 1 sec clock for 128 sec).
EGG analysis methods
The compiled running spectra were prepared after the files were analyzed with the maximal entropy method (MEM). Spectral frequencies were classified into five groups as follows: 1-cpm group (0-2.4 cpm), 3-cpm group (2.5-4.9 cpm), 6-cpm group (5.0-7.4 cpm), 8-cpm group (7.5-9.9 cpm) and 10-cpm group (10.0-12.9 cpm). The instability factor or coefficient of the 3-cpm group, defined as the standard deviation of the mean spectral frequency of the peak 3-cpm group / mean of the 3-cpm spectral frequency (Chen et al., 1994) was calculated. Ensemble means were obtained from both fasting and postprandial spectra to calculate the averaged spectral power peaks and power contents of certain spectral groups as well as the postprandial to fasting peak and the power content ratio (peak-and area-ppr/f). We defined the epigastric or CH1 EGGs, as a combination of channels 3, 4, 5 and 6; the supraumbilical or CH2 EGGs, channels 7, 8, and 9; and the infraumbilical EGGs or CH3 EGGs, channels 12, 13 and 14 (Fig. 1) . Spectral mean frequencies and power amplitudes were calculated for each of the epigastric, supraumbilical, and infraumbilical EGGs for a comparison with the data previously obtained from bipolar epigastric EGG records on the thoraco-abdominal surface. X indicates the navel. The distance between the processus xiphoideus and the navel was divided into four divisions. Epigastric EGG (CH1) indices of frequency and power are the means of channels (ch) 3, 4, 5, and 6. Supraumbilical EGG (CH2) indices are their means of channels 7, 8, and 9. Infraumbilical EGG (CH3) indices are the means of channels 12, 13, and 14. (Homma et al., 1995) . The means and standard errors (mean ± SE) were calculated and the Student's t-test was used for statistical analysis. All P<0.05 were considered to be significant.
Results
We can easily recognize the piled 3-cpm peaks in the running spectrum of Fig. 2B (Case 1 in Table 1 ), but not in Fig. 2A (Case 3 in Table 1 ). Such piled 3-cpm peaks in running spectra were also recognized in Cases 5, 9, and 10. Their postoperative durations were 262 months (Case 1), 252 months (Case 5), 178 months (Case 9), and 198 months (Case 10). To clarify the reason for the clear visibility of 3-cpm peaks in the running spectra, we calculated correlations between the postoperative duration and indices such as (1) the fasting and postprandial mean frequencies, (2) instability factors, (3) the power content, and (4) the postprandial to fasting power ratio of peak power and power content of 3-cpm groups (Table 2 ). Significant negative linear correlations were found between postoperative months and postprandial instability factor in epigastric (CH1) and supraumbilical (CH2) EGGs. However, neither the postprandial to resting peak power ratio (peak-ppr/f) nor the power content ratio (area-ppr/f) showed significant linear correlations with postoperative duration (Table 2) .
Correlations between QOL and EGG indices are listed in Table 3 . QOL showed a positive correlation with the postoperative duration in months (POM) (P<0.05, slope of the regression line α=0.035, correlation coefficient r=0.581). However, the epigastric fasting 6-cpm power content showed a negative linear correlation with QOL (P<0.01, α=-114.9, r=0.711). Similarly, the supraumbilical fasting 6-cpm power content showed a negative linear correlation with QOL (P<0.05, α=-107.9, r=0.696). In addition, the postprandial to fasting power content ratio of the supraumbilical 3-cpm (postprandial power content of 3-cpm / fasting power content of 3-cpm) group correlated negatively with QOL (P<0.01, α=-25.4, r=0.788). QOL significantly correlated positively with POM (P<0.05, α=0.035, r=0.581). 
Discussion
Distal gastrectomy has been termed subtotal gastrectomy because the distal stomach is widely excised at the line between the cardia in the lesser curvature and the avascular area proximal to the prefinal branch of the left gastroepiploic artery in the greater curvature.
Although there is currently a tendency to make the gastric remnant somewhat larger in early stage cancer, 12 patients examined in the present study underwent the classical four fifth resection of the stomach. We could not recognize the serial 3-cpm peaks in the running spectra recorded from patients in the early acute postoperative period of 13-71 days (Homma et al., 1995) . However, in this study, we could clearly see these peaks in the running spectra recorded from patients over a period of from16 to 20 years postoperatively. We were unable to draw any conclusions concerning the factors that contribute to the visibility or recognition of serial 3-cpm peaks in the running spectra at a first glance in postoperative patients. First of all, we are aware that the location of the physiological pacemaker region in the wall of the stomach may differ in each individual because of variation in the point of entry of the prefinal branch of the left gastroepiploic artery into the stomach. This variation may alter the postoperative pacemaker activity after distal gastrectomy and it is very difficult to take such factors into account.
Therefore, we investigated this by calculating the relationship between the postoperative duration and several factors of the running spectra, such as (1) the mean spectral frequency of the 3-cpm group (2.5-4.9 cpm), (2) the instability factor of the peak spectral frequency of the 3-cpm group (standard deviation of the mean spectral frequency of 3-cpm group / mean of 3-cpm spectral frequency), (3) the power content of the 3-cpm (3-cpm area / total spectral area), (4) the peak power ratio of the postprandial and fasting 3-cpm groups (postprandial peak power of 3-cpm group / fasting peak power of 3-cpm group), and (5) the power content ratio of the postprandial and fasting 3-cpm power content (postprandial 3-cpm power content / fasting 3-cpm power content) in each of the epigastric (CHI), supraumbilical (CHII), and infraumbilical (CHIII) EGGs (Table 2) . Neither the fasting nor the postprandial peak frequencies showed a significant linear correlation with postoperative duration. Moreover, neither the postprandial to fasting peak power ratio nor the power content ratio was significantly correlated with postoperative duration. However, the postprandial instability factors of the epigastric and supraumbilical regions, which reflect mainly the gastric myoelectrical activity alone, showed a significant negative linear correlation with postoperative duration (P<0.01, Table 2 , Fig. 3 ). The instability factor of preoperative controls (n=35, 60 ± 11.3 years of age) was 0.11 ± 0.069 (fasting) and 0.11 ± 0.057 (postprandial), including preoperative total gastrectomy subjects (n=5), subtotal gastrectomy (n=6), gastric tube formation (n=5), open cholecystectomy (n=12) and laparoscopic cholecystectomy (n=7). Therefore, the postoperative decrease in the instability factor may be exponential and may reach the nearly preoperative value of 0.11. These results suggest that clear visual recognition of serial 3-cpm peaks, especially in the postprandial period, largely depends on a decrease in the instability factor of the 3-cpm group activity in the running spectra, contrary to the intuitive idea or thought that there had been an increase in postprandial to fasting peak power or power content ratio.
We could not obtain a significant frequency increase in the 3-cpm group activity following distal gastrectomy, as had been seen in the case of proximal gastrectomy along with jejunal interposition . The enhanced plastic pacemaker frequency may therefore represent a fundamental plasticity or reprogramming of the pacemaker mechanisms of the antral interstitial cells of Cajal, as evidenced by the experiments in mice involving separation of the stomach into corpus and antrum (Ördög et al., 2002) . In a range of animals, the gastric antrum and corpus are rich in interstitial cells of Cajal; however, the gastric fundus has a low density of these cells (Christensen et al., 1992) . The human stomach is probably similar. The pacemaker region of the human stomach is located in the cardia, at the proximal one third junction of the major curvature of the stomach (Kelly, 1981) . This regional gradient or difference of density in the interstitial cells of Cajal may explain the lack of frequency-increased organization of the cells of Cajal in the case of distal gastrectomy and the long period for pacemaker reorganization. It is conceivable that the functional or physiological pacemaker region may vary in position along the greater curvature in each individual, just as the location of the prefinal branch of the gastroepiploic artery entering the stomach is also variable. These factors further complicate the recovery process of pacemaker activity and the visibility of serial 3-cpm activity peaks in the EGG running spectra after distal gastrectomy. Serial 3-cpm activity peaks have been recorded in the running spectra recorded from patients after subtotal gastrectomy by Billroth I reconstruction (Imai and Sakita, 2005) , but the postoperative duration of the EGG recording and instability factor were not described. The 3-cpm serial peaks were also recorded in patients after subtotal gastrectomy by the Billroth II method (Schaap et al., 1990) . In the case of Billroth II reconstruction, only the antrum and pyrolus were resected, and the main pacemaker region of the stomach was maintained. Therefore, it seems reasonable that the serial 3-cpm peaks were recorded in the EGG spectra array in the Billroth II method. As shown in Table 3 , the epigastric postprandial instability factor (IF) of the 6-cpm activity was negatively correlated with the postoperative POM (P<0.01, α=-2013, r=0.762), but not with QOL (P=0.313). The epigastric and supraumbilical resting 6-cpm power contents correlated negatively with QOL (P<0.01, α=-114.9, r=0.711 and P<0.05, α=-1079, r=0.696, respectively) . It is thus possible that an irregular tachygastric 6-cpm power content produced the postoperative symptoms, such as frequent flatus and having a feeling of incomplete evacuation, which were the most frequent complaints in this study. QOL became better with increasing length of postoperative period (POM) and a positive linear correlation was found between QOL and POM following distal gastrectomy, as in the case of the motility index found following colonic replacement .
In summary, we could recognize the piled serial 3-cpm peaks in the running spectra of EGGs recorded from patients who underwent distal gastrectomy after about 15-20 years postoperatively. We believe that this reorganization of the pacemaker activity represents reorganization of the interstitial cells of Cajal in the remnant stomach of the distally gastrectomized patients.
